Peak absorption coefficients a max for the J = 1 ~O, J = 2+-1 and J = 3~2 rotational transitions in carbonyl sulphide have been calculated for the different isotopic molecular species in natural abundance and in each case for a range of vibrational states. The results are tabulated for convenience both in order of values of a max and in order of transition frequencies. Calculations have also been made,ona less extensive basis, for transitions from J = 4+-3 to J = 25~24, and peak absorption coefficients have been tabulated, in order of values of a max ' for each of these transitions. The tables provide a frequency coverage of approximately 10 to 300 GHz. Comparison with available experimental results shows satisfactory agreement.
Introduction
Carbonyl sulphide absorption lines have long been used as standards to monitor the sensitivities of microwave spectrometers. During some recent work employing a DECLAB 11-03 computer to increase sensitivity of a Hewlett-Packard 8460A microwave spectrometer the sensitivity of a spectrometer was investigated systematically by starting with the line belonging to the vibrational ground state J = 3~2 transition in 180 12 C 34 S at 33359.7 MHz (a max = 1.23 X 10-8 cm -1) and recording progressively weaker lines in the spectrum. In the course of the work it was noted with some surprise that no systematic tabulations of intensities of carbonyl sulphide absorption lines are 102 z. KISIEL AND D. Jc MILLEN tions for intensties and to set out an expression in a convenient form for computation. The peak absorption coefficient a max , for a rotational transition is given [1},1 when expressed in the fourquantity system of equations, by a -8rrnF m v 0 2 (_1_) (1 1 hVo) 1 .. 12 "'"" -3ckli::J.v 41Teo 2 k'J'
fl.] (1) J-Lij is the transition moment, ..1 v is the half width of the line measured between half intensity points (HWHH), Vo is the frequency of the transilion, n is the number density of molecules,
Fm is the fraction of molecules present in the lower state involved in the transition, and T is the temperature of the sample.
Two general points may henoted here. First, the-number of molecules per unit volume is given by n= pNAa RT (2) where N A is the avogadro constant, p is the pressure, and a is the isotopic abundance for the molecular species involved.
Secondly, the dependence of the ha.lfwidth parameter A",'
on temperature and pressure may be expressed as
T8
.Jv= _LJv 8 (3) T pA where ..1 V 8 is the standard half-width parameter at standard temperature T e and standard pressure p 8. T8 has generally been taken as 300 K, p8 as 133 Pa (1 Torr) and the half-width -parameter written-as-(Li V)F Now for the calculation of Fm in the particular case of a linear molecule, the transition frequency can be related to the rotational constants by (4) the trausition IIlumeI1l18 relateu [2] to the uipole IllOllltmt J.L by and Fm =F" ~; (2J+l)e-hBJ (l+l}lkT = F hB (2 ] + 1) e -hJ v o/2kT " kT (5) 
where F" is the fraction of molecules in the vibrational state involved in the transition. Substitution for n,..1v, v o 2 , IJ-Lij 12 andF m by means of Eqs. (2) and (6) in Eq. XiI -1 hvo }e -hJ v o/2kT 2 kT (7) For purposes of computation it is convenient to use quantities in the form in which they are most commonly recorded, namely;
vo/GHz, B /GHz, J-L/ D 2, T / K, .Jv 8 .X!1-0.02~00Vo }e-O.02400lvoIT. (8) If the effects of anharmonicity on vibrational energy levels are neglected then the fraction F" may be written as: d ~Jh"jv/kT
where the vibrational partition function is given by:
i For the purposes of computation it is convenient to use wave numbers (Wi / em -1) rather than frequencies Vi . Then, F,,= d"e -1.439~j"p.'/T (11) Q" and Q" II (1e -1.439aJ/T) -d;.
(12) i
Calculations
Peak absorption coefficients at 293 K calculated for lines
belonging to] = 1+-0,] = 2+-1 and J = 3+-2 transitions for isotopic species in natural abundance and in each case for a range_of vihrationaLstates-ar-e-give-n--in--tahles-l to-6; -Natural abundance factors for the various isotopic species are given in table 8 . Harmonic wavenumbers Wi for the various isotopic species of OCS have.been calculated from the force constants of Morino and Nakagawa [8] viz., iRR(CS) =744.3 ± 4.0, fRr = 104.0 ± 6.5, frr (CO) = 1614 ± 11 Nm-t, and faa = (65.13 ± 0.04) X 10-20 J rad-2 • Electric dipole moments for all vibrational states with "2 = 0, where V2 denotes the bending mode have been taken to be 0.71529 D, [4] for all isotopic species. Dipole moments used for states with "2 = 1, 2,3,4, and 5 were 0.70433, [4] (0.693 18), 0.687 13 [5] (0.67000) and (0.65798) Debyes, respectively, where brackets denote estimates based on the known values.
The line width parameter L1v 8 is unfortunately not known as accurately as is desirable. Values reported for the] = 2+-1 transition [6] range from 6.0 to 6.5 MHz with the more reliable determinations [7] to [9] falling near 6.1 MHz. Measurements of Ll V e for J = 1+-0 [10] and J = 3+-2 [11] transitions are also available. Theoretical calculations [12] predict an increase in Llv 8 with increasing] and consequently the values 6.05,6.15, and 6.25 MHz for transitions with] = 0, 1, and 2, respectively, which agree with most of the experimental measurements, have been assumed for the present calculations. All rotational constants and the reported transition frequencies have been taken from Maki's compilation [13] of the microwave spectral data available for OCS.
The results of the calculations of the peak absorption coefficients for the] = 1+-0,] = 2+-1 and J = 3+-2 transitions are tabulated in sequence in tables 1, 3, and 5 according to decreasing peak absorption coefficients, and in tables 2, 4, and 6 in decreasing order of transition frequencies. Quantum numbers ' -' I' '-'2' and '-'3 denoting the vibrational states refer to the CS stretching, the degenerate OCS angle bending and the CO stretching modes, respectively.
The calculations for higher J transitions given in table 7 called for further considerations about the calculation of frequencies and the choice of L1 v e. In 
where 8 was set equal to zero in all cases except for 16012C32S where 8 = -4.272X was used [13] . No Dv values were available for the last four isotopic species in table 9, and in making the calculations for these species additivity in changes in D v on isotopic substitution has been_ltssJuned--It_is~ecQgnized_thaLaa-estimate of -Di"to ± 0.05 kHz results in a frequency uncertainty of ± 4 MHz for the highest] transition. It should generally be possible to identify the line concerned experimentally and in order to help in giving an indication of reliability of frequencies in table 8 the number of significant figures has been chosen so that uncertainty in the last quoted digit is probably less than 5.
Since the completion of the calculations some highl transitions have been reported [16] for some less abundant isotopic species of oes. These results allow comparison for 1- [11] up to the I -IO+-9 transition confirm thatA,.,e continues to increase with I, as expected from line-broadening theory, and leads to values of 6.33,6.42, and 6.53 MHz Torr-I for I = 3, 4, and 5, respectively. The results also suggest that between J = 6 and 9 the variation is linear with I, values being given by .ave = 5.895 + 0.124 I. Accordingly we have used this expression for all transitions for J> 6.
There are two main factors which affect the reliability of the calculated peak absorption coefficients in tables 1 to 6. The first is uncertainty about the line width parameter already discussed. The second is the neglect of anharmonicity in the calculation of Boltzmann factors. An estimate has been made of this effect by calculating changes in the absorption coefficients rpsulting from a change of 10 cm -1 in lUI> lU2' and lU3 in turn.
The effect on values of a max for transitions in the ground vibrational state is found to be small ( < 1 %) but values of a max for transitions in vibrationally excited states are more sensitive and changes of up to about 5% were found for states with ' -' i = 1.
Changes in a max for states with more than one quantum of excitation will be correspondingly greater. This effect has to be combined with that resulting from uncertainty in L1 v e which is about 2 -3%. For higher I-transitions the uncertainty in Live already discussed is the main factor determining reliability of the peak absorption coefficients. However, even for the highest ] transition (I = 25+-24) with a fairly generous error margin giving 9 ± 2 MHz Torr-1 for .&:iv e , the resulting uncertainty in the peak absorption coefficients is about ± 20%. For many purposes in estimating sensitivities of spectrometers this is tolerable. In any case relative intensities for given transitions are reliable, and if Llv e becomes available or can be measured the correction is readily made. Thus many of the tabulated values of a are reliable to only two significant figures but three figures are given for convenience.
Comparison with Experiments
The sensitivity of the spectrometer was investigated systematically by starting with the I = 3+-2 line belonging to the ground vibrational state of 18012C34S at 33359.7 MHz (a max = 1.23 X 10-8 cm -I), and then recording progressively weaker hnes, selected with the aid of tables 4 and 6, which were found to give reliable predictions of relative intensities of successive lines. The weakest line recorded was that for the 1= 3+-2 transition in the (0110) vibrational state of 18012C34S with a max = 8 X 10-10 cm -I. A recording of the line, which has not been previously reported is shown in figure 1 , which reproduces an output trace obtained from digital storage acquired by the computer over a total scanning time of 34 minutes. 1. 73x10-9
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